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Effects  of  nitrogen  compounds,  aromatics,  and  aprotic  solvents  on the  oxidative  desulfurization  (ODS)
of  refractory  sulfur  compounds  and  light  cycle  oil over  Ti-SBA-15  catalyst  were  studied  in  a  batch  or
a  continuous  ﬁxed-bed  reactor  with  tert-butyl  hydroperoxide  (TBHP)  as  oxidant.  The  fresh  and  spent
catalysts  were  characterized  by  BET, TGA,  ICP-AES,  and X-ray  absorption  spectroscopy.  The  nitrogen
compounds  were  found  to inhibit  the  ODS  in the  order:  indole  > quinoline  >  carbazole.  The  addition  ofeywords:
xidative desulfurization
ight cycle oil
,6-DMDBT
i-SBA-15
aromatics  solvent  in  feed  gradually  recovered  the  ODS activity  for  LCO.  Moreover,  the  aprotic  solvent
signiﬁcantly  promoted  the LCO ODS.  These  results  were  attributed  to  the  high  solubility  of  the  oxidized
S  or N compounds  in the  aromatics  and  aprotic  solvents,  minimizing  the deposit  of  oxidized  product  on
the  surface  of the  catalyst.
© 2013 Elsevier B.V. All rights reserved.
protic solvent
. Introduction
The operation of residual ﬂuid catalytic cracker (RFCC) and ﬂuid
atalytic cracker (FCC) is essential process to meet the increasing
emand of light oil and transportation fuel. The light cycle oil (LCO),
 by-product of these processes, is known as a poor diesel fuel
lending component due to its poor engine ignition performance
nd high sulfur, nitrogen and aromatic contents. Considering the
igh contents of hetero-cyclic compounds in LCO, the conven-
ional hydrotreating catalysts may  suffer from the competition
eactivity of hydrodesulfurization (HDS), hydrodenitrogenation
HDN), hydrogenation of aromatics (HDA), and hydrocracking
HCK) [1–6]. Sulfur compounds in LCO are present in the alkyl
erivatives of dibenzothiophene, especially dimethyldibenzothio-
hene (C2-DBT). These compounds are poor in HDS reactivity and
re classiﬁed as the most refractory compounds in conventional
DS process as they cause steric hindrance [7–9]. Reactivity of the
lkyl-dibenzothiophenes decreases in the presence of inhibitors
ike polyaromatics and nitrogen compounds, normally found in
he LCO feed. Thus, the operation conditions result in large
ydrogen consumption, reduction of the catalyst life, and sig-
iﬁcant increase of the operation cost [10]. This tends to limit
he application of the hydrotreatment for the desulfurization of
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ttp://dx.doi.org/10.1016/j.apcatb.2013.08.017LCO. The alternative technologies have thus been introduced to
overcome the present limitation of desulfurization technique. Bio-
desulfurization, adsorption, ionic liquids extraction, and oxidative
desulfurization (ODS) were introduced to achieve ultra-low sul-
fur diesel [11–18]. Among them the ODS has been considered to
be one of the most promising methods for ultra-deep desulfur-
ization of fuel oil due to its several advantages over HDS: (i) mild
reaction conditions at low temperature (<100 ◦C) and under atmo-
spheric pressure; (ii) no use of the expensive hydrogen; (iii) higher
reactivity of aromatic sulfur species.
In the ODS process, the refractory sulfur compounds are oxi-
dized into their corresponding sulfones or sulfoxides, and these
are subsequently removed by extraction, absorption, distillation,
or decomposition [19–24]. Ishihara et al. [20], Prasad et al. [25],
and G-Gutierrez et al. [26] have shown that molybdenum oxide
catalysts have shown activity in ODS of the refractory sulfur com-
pounds. However, molybdenum oxide catalysts are known to have
critical drawbacks of Mo-leaching in the course of ODS. In contrast,
Chica et al. [27] reported that Ti-MCM-41 catalyst was more active
and stable in ODS than MoO3/Al2O3 catalysts without Ti-leaching.
Hulea et al. [23] and Corma et al. [28] found that Ti-MCM-41 was
more active than TS-1, proving that the accessibility of the S com-
pounds to the active centers is important in ODS of refractory S
compounds. Cedeno-Caero et al. [29] reported that titanium oxide
nanotube catalyst was  more active in ODS than TiO2 catalysts. More
recently, Ti-SBA-15 catalysts were reported to exhibit high activ-
ity in the ODS [30]. Although much research has been made in the
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Table  1
Speciﬁcations of light cycle oil (LCO).
Physical
properties
LCO
API 13.5
S (ppm) 3600
N (ppm) 550
Color (ASTM) L2.5
Aromatics (wt%)
Total 74.3
Mono 14.3
Di 40.6
Tri+ 19.4
Cetane Index 24.9
Distillation (◦C)
IBP/5/10/ 225/256/262/
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Table 2
Composition of model feed oils.
Model feeds Notation
Benzothiophene (BT) 200 ppm S Feed-M
Dibenzothiophene (DBT) 200 ppm S
4-Methyldibenzothiophene (4-MDBT) 200 ppm S
4,6-Dimethyldibenzothiophene (4,6-DMDBT) 200 ppm S
Tridecane Balance
Feed-M + tetralin (1Ar) 800 ppm S -M1A
Feed-M + 1-methylnaphthalene (2Ar) 800 ppm S -M2A
Feed-M + indole 800 ppm S, 50 ppm N -MI
Feed-M + quinoline 800 ppm S, 50 ppm N -MQ
Feed-M + carbazole 800 ppm S, 50 ppm N -MC
Feed-M + tetralin + indole 800 ppm S, 50 ppm N -M1AI30/40/50/
60/90/95/
EP
284/292/308/
325/398/–/
–
DS of refractory sulfur compounds, few studies were introduced
o examine the effect of aromatics and nitrogen compounds which
re commonly found in the real feed oils [24].
In this study, the ODS of model sulfur compounds and real
CO feed on the Ti-SBA-15 catalyst was studied in either a
atch or a continuous ﬁxed-bed reactor with TBHP as oxidant.
n particular, effects of various nitrogen compounds, aromatics,
nd aprotic solvents on the ODS activity and stability were also
nvestigated.
. Experimental
.1. Materials and catalysts preparation
Model compounds and chemicals, including benzothio-
hene (BT, Aldrich, 99%), dibenzothiophene (DBT, Aldrich, 98%),
-methyldibenzothiophene (4M-DBT, Aldrich, 96%), 4,6-
imethyldibenzothiophene (4,6-DMDBT, Aldrich, 97%), dibenzo-
hiophene sulfone (DBTS, Aldrich, 97%), indole (Aldrich, 99%),
arbazole (Aldrich, 95%), quinoline (Aldrich, 98%), oxindole (Alfa
esar, 97%), 5.0–6.0 M TBHP in decane (Aldrich), n-tridecane (TCI,
9%), tetralin (Aldrich, 97%) and 1-methylanaphthalene (Alfa
esar, 98%) were used as received. The LCO feed was  supplied from
 reﬁnery in Korea and the speciﬁcation is given in Table 1.
SBA-15 was hydrothermally synthesized according to the pro-
edures reported previously [31]. Pluronic P123 [poly(ethylene
lycol)-block-poly(propylene glycol)-block-poly(ethylene glycol),
ldrich] of tri-block copolymer was dissolved in 1.6 M HCl solution
ith stirring and then the silica source of tetraethyl orthosilicate
TEOS, Aldrich) was added in the tri-block copolymer solution with
tirring for 1 h at 308 K. The mixture was reacted for 20 h at 308 K
nd subsequently hydrothermally treated for 24 h at 353 K. The pre-
ipitates were ﬁltered, washed with distilled water, dried overnight
n an oven at 373 K, and then calcined in air at 773 K for 6 h.
Grafting method was used to prepare Ti-SBA-15 catalyst with
etra butyl orthotitanate (TBOT, Aldrich) as a Ti source [36]. In a typ-
cal preparation, 0.35 g of TBOT was hydrolyzed in 20 g of glycerol
o obtain a homogeneous solution. To the solution was  added 1 g
f SBA-15, and then the mixture was heated at 373 K for 70 h. After
he grafting procedure, the Ti-grafted SBA-15 sample was  ﬁltered,
ashed with deionized water, and calcined at 823 K for 4 h..2. Catalyst characterization
A Micromeritics ASAP 2010 micropore size analyzer was used
o measure the speciﬁc surface area of the sample from theFeed-M + 1-methylnaphthalene + indole 800 ppm S, 50 ppm N -M2AI
Feed-M + acetonitrile + indole 800 ppm S, 50 ppm N -MAcI
linear portion of BET plots (P/Po = 0.01–0.10) at 77 K. The Ti K-edge
(4.965 keV) X-ray absorption (XAS) spectra of catalyst samples were
recorded in the energy range 4.915–5.065 keV using a synchrotron
radiation at the beamlines 8 C and 10 C, Pohang Light Source
(PLS). The X-ray ring at the PLS has a ﬂux of 1 × 1010 photons s−1
at 100 mA and 2.5 GeV. The X-ray beamline is equipped with a
Si (1 1 1) channel-cut monochrometor and has an energy range
capability of 4–33 keV. The amount of chemical deposits on the
catalysts after the ODS tests was  quantiﬁed by TGA (SDT2960,
TA instruments). The metal content of the catalyst samples was
determined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES, Perkin Elmer, Model Optima-4300 DV).
2.3. Solubility measurements
The excess amount of oxidized model compounds of DBTS,
indole and isatin was  dissolved in tridecane (10 ml)  at 293 K. After
the mixture was  stirred for 1 h, it was  separated by centrifugation.
The upper solution was analyzed by GC-FID (Agilent-6890, DB-1)
to calculate solubilities of the oxidized model compounds. The sol-
ubility was also measured for tetralin, 1-methylnaphtalene, and
acetonitrile.
2.4. Activity test
The speciﬁcations of model feed mixture used in this study are
summarized in Table 2. The ODS was carried out at atmosphere
and 80 ◦C in a 100 ml glass batch reactor equipped with a tem-
perature controller, a condenser, and mechanical stirrer using a
model feed mixture containing sulfur compounds. Also, model ODN
tests were employed to conﬁrm the competitive oxidation behav-
iors using indole, carbazole, and quinoline, known as the most
typical nitrogen compounds in LCO [37]. Typically, 50 g of feed con-
taining the model sulfur and nitrogen compounds with a molar
ratio of TBHP/(S + N) of 2.5 was  combined by 0.12 g of catalyst and
the ODS was  carried out for 1 h at 80 ◦C. For LCO feed containing
3700 ppm S, the ODS activity of test was  carried out in the batch
reactor or a continuous ﬁxed-bed reactor. In a typical run, 30 g of
LCO feed with TBHP in decane (TBHP/S ratio = 2.5) was  heated to
80 ◦C, then 1 g of catalyst were added in the batch reactor. The
ODS of LCO feed was  then performed in a ﬁxed-bed stainless-steel
reactor. 1 g (1.5 ml)  of catalyst sample was  packed at the cen-
ter of a stainless steel reactor (300 mm long and 8 mm i.d.). The
LCO feed pre-mixed with the oxidizing agent (TBHP/S ratio = 2.5)
was fed into a preheated reactor. The oxidation reaction was con-
◦ −1ducted at 80 C with a WHSV = 2 h operating at atmospheric
pressure. The reaction progress was  monitored by collecting the
product samples at different time intervals. The reaction products
were analyzed with a gas chromatograph equipped with a pulsed
K.-S. Cho, Y.-K. Lee / Applied Catalysis B: Environmental 147 (2014) 35– 42 37
0 30 60 90 120 150 180
0
10
20
30
40
50
60
70
80
90
100
 BT
 DBT
 4-MDBT
 4,6-DMDBT
 Carbazole
O
D
S
 a
n
d
 O
D
N
 c
o
n
v
e
rs
io
n
 /
%
Reaction time /min
(D)
(A) (B)
0 30 60 90 120 150 180
0
10
20
30
40
50
60
70
80
90
100
 BT
 DBT
 4-MDBT
 4,6-DMDBT
O
D
S
 a
n
d
 O
D
N
 c
o
n
v
e
rs
io
n
 /
%
Reaction time /min
0 30 60 90 120 150 180
0
10
20
30
40
50
60
70
80
90
100
 BT
 DBT
 4-MDBT
 4,6-DMDBT
 Indole
O
D
S
 a
n
d
 O
D
N
 c
o
n
v
e
rs
io
n
 /
%
Reaction time /min
(C)
0 30 60 90 120 150 180
0
10
20
30
40
50
60
70
80
90
100
 BT
 DBT
 4-MDBT
 4,6-DMDBT
 Quinoline
O
D
S
 a
n
d
 O
D
N
 c
o
n
v
e
rs
io
n
 /
%
Reaction time /min
reacto
ﬂ
m
t
o
(
a
s
p
f
t
w
2
o
3
3
p
d
p
w
a
w
r
pFig. 1. Effect of nitrogen compounds on the ODS in a batch 
ame photometric detector (Agilent-6890-PFPD, HP-1, Cross linked
ethyl silicone gum, 25 m × 0.32 mm × 0.17 m)  to characterize
he distribution of sulfur compounds between different classes. The
peration of the PFPD detector was optimized using parameters
relationship between hydrogen (40 ml/min) and air (60 ml/min))
nd temperature (1073 K) that were not exactly the same as those
uggested by the manufacturer. In order to identify oxidation
roducts of model reaction tests, GC–MS analyses were also per-
ormed using an Agilent 5973 mass selective detector coupled to
he Agilent 6890 GC, operating in electron impact mode, equipped
ith an HP-1 capillary column (Cross linked methyl silicone gum,
5 m × 0.32 mm × 0.17 m)  using helium as the carrier gas. The
xidation conversion for ODS and ODN was deﬁned as below:
ODS conversion (%) = moles of sulfur compounds reacted
moles of sulfur compounds in feed
× 100
ODN conversion (%) = moles of nitrogen compounds reacted
moles of nitrogen compounds in feed
× 100
. Results and discussion
.1. Effect of nitrogen compounds on the ODS
In order to examine the effects of various nitrogen com-
ounds on the ODS, the activity tests were carried out for
ifferent model feed mixtures containing various nitrogen com-
ounds. Fig. 1 shows the ODS conversion for the model feeds
ith indole (Feed-MI), quinoline (-MQ), and carbazole (-MC) as function of reaction time. The ODS for the sulfur compounds
as found to proceed promptly with complete conversion being
eached within 5 min  of reaction. In the presence of nitrogen com-
ounds, however, the ODS activity was drastically decreased inr: (A) Feed-M, (B) Feed-MI, (C) Feed-MQ, and (D) Feed-MC.
the order: indole > quinoline > carbazole. The inhibition by indole
was the most pronounced and signiﬁcantly inhibited the ODS. Ishi-
hara et al. studied ODS and ODN over MoO3/Al2O3 catalyst and
reported that the ODN inhibited the ODS with following the order:
indole > quinoline > acridine > carbazole [20]. Caero et al. also found
the oxidation of indole to oxindole over V2O5 catalysts, inhibit-
ing the ODS of model sulfur compounds [33]. Jia et al. compared
the effect of ODN reactivity of basic and non-basic nitrogen com-
pounds on the ODS of thiophene and benzothiophene [34], which
revealed that the ODS of thiophene was  inhibited by basic nitrogen
compound of pyridine, while the ODS of benzothiophene was inhib-
ited by both basic and non-basic nitrogen compounds of pyridine
or indole. These results suggested nitrogen compounds inhibited
the ODS, which is attributed not only to competitive adsorption
between sulfur and nitrogen compounds for catalytic sites, but also
to their basic character.
In particular, for the sulfur compounds the ODS conversion was
found to decrease in the order of DBT > 4-MDBT > 4,6-DMDBT > BT. It
is known that the ODS is affected by electron density of sulfur atom
in the compounds, following the order of 4,6-DMDBT (5.760) > 4-
MDBT (5.759) > DBT (5.758) > BT (5.739) [22]. This implies that 4,6-
DMDBT with higher electron density can be more easily oxidized to
form corresponding sulfone. The ODS reactivity of 4,6-DMDBT was,
however, found lower than that of DBT, suggesting that the methyl
groups became an obstacle for the approach of the sulfur atom to
the catalytic active phase, as also reported elsewhere [35].
A continuous ﬁxed-bed reactor was also applied to examine
the catalytic stability upon the introduction of indole, as shown
in Fig. 2. It was  observed that the more the indole was added, the
greater the inhibition behavior was  observed. As shown in Fig. 2(B),
it can be seen that indole is preferentially converted prior to the
ODS of sulfur compounds. These results suggest that nitrogen
38 K.-S. Cho, Y.-K. Lee / Applied Catalysis B: Environmental 147 (2014) 35– 42
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Fig. 2. Effect of N-compounds on the ODS in a ﬂow reactor: (A) Feed-M, (B) Feed-MI 50 ppm N, and (C) Feed-MI 200 ppm N.
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ompounds are competitive over the sulfur compounds in the
xidation, as indole has a higher reactivity than sulfur compounds
n the oxidative reaction. Moreover, the oxidized reaction products
ight reside on the catalyst surface, blocking the adsorption sites
here reactive oxygen species are formed. The amount of deposit
n the catalyst surface was quantiﬁed by TGA measurements and
ompared as will be given in Fig. 7 .
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3.2. Effect of aromatic solvents on the ODS
In order to examine the effect of aromatics solvents on the ODS,
tetralin (1-ring aromatic solvent, 1Ar) or 1-methylnaphthalene (2-
ring aromatic solvent, 2Ar) was  added in the model feed oil (Feed-
M),  and their feed mixtures were denoted as Feed-M1A and Feed-
M2A, respectively, as also summarized in Table 2. As shown in Fig. 3,
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Fig. 5. Effect of aprotic solvent on the ODS in a batch reactor: (A) Feed-MAcI 30% and (B) Feed-MAcI 70%.
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he ODS activity for sulfur compounds dissolved in aromatic solvent
as slightly higher than that under aliphatic solvent (Fig. 1B). The
ncrease in the aromatic solvent content from 30 to 70% led to a
radual increase in the ODS activity. Moreover, the addition of 2-
ing aromatic solvent of 1-methylnaphthalene further enhanced
he ODS conversion of sulfur compounds even with indole in the
eed, as shown in Fig. 4, indicating that aromatics solvents play a
eneﬁcial role in reducing inhibition of oxidized S or N compounds.
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3.3. Effect of aprotic solvent on the ODS
In order to investigate the effect of the aprotic solvent on the
ODS, acetonitrile was employed as a model aprotic solvent in pres-
ence of indole. As shown in Fig. 5, the ODS activity was clearly
increased upon the introduction of aprotic solvent. A continuous
ﬁxed-bed reactor was  also applied to better investigate the catalytic
performance and stability upon the introduction of aromatics and
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effectively dissolve the oxidized compounds to be readily desorbed
from catalyst surface. In particular, the decomposition proﬁle was
rarely observed in the sample collected from the ﬂow reactor. Thus,Temperature / C
Fig. 8. TGA proﬁles Ti-SBA-15 catalysts collected after the ODS te
protic solvent, as shown in Fig. 6. Comparing with the ODS with-
ut aromatics or aprotic solvent (Fig. 2), the addition of aromatics
nhanced catalytic activity particularly at the early stage of reac-
ion but with gradual deactivation with the progress of reaction
eing observed. In the case of using aprotic solvent, however, the
DS activity was maintained stable without deactivation for 48 h
Fig. 6C). Again, it was demonstrated that the addition of the sol-
ents signiﬁcantly improved the ODS activity in the presence of N
ompounds in feed oils.
.4. Solubility of oxidized S and N products in aromatics or
protic solvents
In order to verify the effect of the solvents, the solubility
f the oxidized S or N products was measured in aliphatic,
romatic, and aprotic solvents. Generally, DBT is oxidized into
BTS and in the similar manner indole is converted to oxin-
ole as a major product through the oxidation [20,32]. Table 3
ummarizes the solubilities of DBTS, oxindole and isatin in the
arious solvents at 20 ◦C. For the organic solvents the solubilities
f the oxidized compounds followed the order: acetonitrile > 1-
ethylnaphthalene > tetralin > tridecane. The oxidized compounds
ere nearly insoluble in tridecane, while they could well dissolve
n aromatics and even better in aprotic solvents.
In order to conﬁrm the solubility effects, the TGA measurements
ere conducted for the spent catalysts collected after the ODS of
ulfur compounds with aromatic solvent in a batch reactor or a
ow reactor as shown in Fig. 7. The TGA proﬁle for the sample
ested without aromatic solvent exhibited a weight loss of 40% in
he temperature ranges of 200–300 ◦C due to the decomposition of
he deposit of ODS products such as DBT-sulfone and 4,6-DMDBT-
ulfone on the surface of the catalyst. However, in the presence
f 1Ar, the weight loss of catalyst was reduced by 14%, indicat-
ng less deposit being formed on the catalyst. The TGA proﬁles of
he spent catalysts that were collected after the ODS with addition
f aprotic solvent in a batch reactor or in a continuous ﬁxed-bed
able 3
olubilities of oxidized S and N compounds in various solvents at 20 ◦C.
Solvent Solute(mgsolute gsolvent−1)
DBTS Oxindole Isatin
Tridecane 0.019 0.125 0.012
Tetralin 0.486 0.870 0.025
1-Methylnaphthalene 2.720 1.634 0.102
Acetonitrile 15.416 24.320 19.815Temperature / C
the presence of solvents in batch reactor (A) and ﬂow reactor (B).
reactor are shown in Fig. 8. In the case of using aprotic solvent,
the weight loss by the decomposition of the oxidized compounds
was obviously reduced, indicating that the aprotic solvent couldFig. 9. GC-PFPD chromatograms of the ODS products of LCO in a ﬂow reactor: (A)
LCO + acetonitrile and (B) LCO only.
ysis B: Environmental 147 (2014) 35– 42 41
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t was demonstrated that the addition of aprotic solvent in feed
ould maintain high and stable ODS activity for refractory sulfur
nd nitrogen compounds via minimizing the deposit of oxidized
roducts on the catalyst surface.
.5. Oxidative desulfurization of LCO
The ODS of real LCO feed was conducted in a ﬂow reactor and
amples were collected at different time intervals. Fig. 9 shows the
C-PFPD chromatograms of sulfur compounds present before and
fter the oxidation reaction of LCO. The identiﬁcation of important
eactants and products was made using standard samples. The sul-
ur compounds in the LCO feed are mostly alkyl-derivatives of BT
nd DBT. The GC peaks of S compounds in LCO shifted to higher
etention times after 6 h of reaction time, implying that most of
ulfur compounds in LCO were transformed to the correspond-
ng sulfones. After 24 h of reaction, the GC peaks for unreacted
lkyl-BT’s became visible, indicating that the catalysts underwent
radual inhibition by the strong adsorption of reaction products
uch as oxidized S or N compounds on the surface of the active site
f catalysts. However, in the case of using aprotic solvent mixed
ith LCO, the ODS activity was maintained active and stable with
lmost complete ODS conversion for 48 h of reaction, indicating
he minimization of the product deposit on the catalyst surface.
herefore, it can be demonstrated that the addition of aprotic sol-
ent in LCO feed could enhance the ODS activity and stability via
issolving the oxidized S and N products. In order to conﬁrm the
atalytic active phase and stability of the catalyst, Ti K-edge XANES
pectroscopy was measured for fresh, spent, and calcined catalyst
amples as shown in Fig. 10. The position and intensity of the pre-
dge peak in the XANES spectrum is representing the transition of
lectrons from the 1s to the 3d level. The intensity of the pre-edge
eak tends to increase in the order of octahedral, distorted octa-
edral, pentagonal, and, ﬁnally, tetrahedral coordination [38,39].
Photon  En ergy / keV
Fig. 10. Normalized XANES spectra of Ti-SBA-15 catalysts: (A) Ti-SBA-15 (fresh), (B)
Ti-SBA-15 (spent, after LCO ODS), and (C) Ti-SBA-15 (spent and calcined at 400 ◦C)
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ig. 11. Proposed reaction schematic of the ODS in the presence of nitrogen, aromatics and aprotic compounds. (a) Alkyl-BT ODS conversion at 48 h of reaction time in a ﬂow
eactor.  (b) Estimated from TGA results for the ODS in a batch reactor
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Table  4
Physical properties of Ti-SBA-15 samples.
Catalyst
condition
Feed BET surface
area (m2 g−1)
Pore volume
(cm3 g−1)
Ti content
(wt%)
Fresh – 764.6 1.08 5.0
Spenta Feed-M 267.2 0.52 –
Spentb 598.2 0.93 4.8
Spenta Feed-M1AI 313.1 0.60 –
Spenta Feed-M2AI 467.6 0.72 –
Spenta Feed-MAcI 574.8 0.89 –
Spenta LCO 188 0.33 –
Spentb 568.8 0.87 4.7
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[a Dried at 120 ◦C.
b Calcined at 400 ◦C.
he XANES pre-edge peak intensity and position was  not altered
ven after the ODS reaction and calcination. These results indi-
ate that the Ti-catalysts remained stable during ODS reaction and
egeneration.
The physical properties and Ti contents of the catalyst samples
ere also measured as listed in Table 4. The ODS of model S com-
ounds and LCO led to a substantial loss in surface area and porosity
f Ti-SBA-15 catalyst, indicating the deposit of oxidized S and N
ompounds on the catalysts. Instead, the catalysts after the ODS in
romatics solvent like tetralin (1Ar) or 1-methylnaphthalene (2Ar)
ave rise to a partial recovery in the surface area and porosity.
oreover, the spent sample used in the aprotic solvent mixture
Feed-MAcI) gave only a little decrease in porosity, similarly to the
ase of calcined sample after the ODS, indicating the minimization
f the ODS product deposit in the course of reaction. These results
hus well support the beneﬁcial role of aromatics or aprotic solvents
n the ODS.
Overall, the ODS reaction schematic over Ti-SBA-15 catalyst in
he presence of nitrogen, aromatic and aprotic compounds can be
roposed as shown in Fig. 11. The refractory sulfur compounds
re readily oxidized into sulfones on the Ti-SBA-15 catalyst in the
bsence of N compounds. In contrast, the presence of N compounds
ike indole drastically inhibits the ODS pathway due to its higher
xidative reactivity than S compounds and the strong interaction
etween the oxidized N compounds and the Ti-SBA-15 catalyst.
t was, however, demonstrated that the addition of aromatic and
protic solvents remarkably recovered the ODS activity, which was
xplained by the enhanced solubility of the oxidized S or N com-
ounds in the aromatics and aprotic solvents.
. Conclusions
The Ti-grafted SBA-15 catalyst showed high ODS activity for
efractory sulfur compounds and LCO with using oxidizing agent
f TBHP. In the presence of nitrogen compounds, the overall ODS
ctivity was drastically decreased due to the competitive oxidation
nd the deposit of the oxidized S or N compounds on the cata-
yst surface, poisoning the adsorption sites where reactive oxygen
pecies are formed. The addition of aromatic and aprotic solvent
n feed oils recovered the ODS activity, which were attributed to
he high solubility of the oxidized S or N compounds. Therefore,
he presence of polycyclic aromatics compounds in LCO feed plays
[
[
[ Environmental 147 (2014) 35– 42
a beneﬁcial role in the ODS reaction with minimizing the deposits
of the oxidized products on the catalyst surface, maintaining good
ODS reactivity. In particular, the addition of aprotic solvent in LCO
could further enhance the ODS activity and stability.
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